Abstract: The present paper treats the agitation of shear thinning fluids in a cylindrical unbaffled vessel with a flat-bottom.
Introduction
Mixing is a dynamic process whose driving force is the pressure difference in various tank regions that is produced by a rotating impeller [1] . The aims of mixing can be different. They can include, for instance, the intensification of chemical reactions, production of a homogeneous mixture (emulsion or suspension) and enhancement of heat or mass transfer.
Mixing of highly viscous fluids is mainly carried out in the laminar regime. It is often associated with poor bulk mixing, an inhomogeneous distribution of the various phases to be processed, and the presence of rheological complexities. In the laminar regime, mixing is obtained by a stretchingfolding-breaking mechanism of the secondary phase and not by highly energetic eddies like in the turbulent regime, making the design of the mixer a challenging task. To respond to the needs of industrial processes, various impellers have been developed and a number of works studied various impeller characteristics have been reported. Among the different impellers available, the helical ribbon is considered to be more efficient for the agitation of highly viscous liquids. In the literature, some works have devoted to this impeller. Dieulot et al. [2] investigated the way of improving the mixing of highly viscous Newtonian fluids in a tank using suitable operating conditions (unsteady stirring approaches). They used a non standard helical ribbon impeller fitted with an anchor at the bottom. They found that the use of time-dependent rotational speed during the mixing process allows energy savings. For the unsteady stirring approaches tested, energy savings can reach up to 60% compared to the energy required to obtain the same mixing time with constant impeller rotational speed. They provided a model which allows the prediction of the mixing process of the agitated system with Newtonian fluids for both steady and unsteady stirring approaches. Delaplace et al. [3] investigated, by experiments and CFD method, the heat transfer for several Newtonian and nonNewtonian liquids agitated in a rounded bottom vessel equipped with an atypical helical ribbon impeller. Yao et al. [4] analyzed numerically the local and total dispersive mixing performance of large type impellers, a standard type of Maxblend and double helical ribbons impellers. The results indicated that a standard type of Maxblend has a satisfactory local dispersive mixing performance, especially in the grid region where the local dispersive mixing efficiency is high to near 1. However, when the Re is somewhat low, the total dispersive mixing performance is not as satisfactory as that operated under a moderate Re number. The double helical ribbon impeller can't provide a promising local mixing performance, although it can induce a good total circulation throughout the stirring tank. Rieger [5] showed the effect of the Reynolds number on the pumping efficiency of screw agitators for a wide range of Reynolds number values from creeping to the turbulent flow region. Niedzielska and Kuncewicz [6] discussed experimental investigations and model calculations of power consumption and heat transfer coefficients from a vessel wall to mixed liquid for ribbon impellers operating in a laminar regime. Kuncewicz et al. [7] studied the liquid flow in a tank equipped with a screw impeller operating in the laminar regime. They used a two-dimensional model describing the liquid flow to determine the velocity fields, the fluid used here is Newtonian. By CFD method, Iranshahi et al. [8] compared the viscous mixing characteristics of the Ekato Paravisc with those of an anchor and a double helical ribbon. They found that the Paravisc mixer characteristics lie between that of the other impellers at low Reynolds number. Delaplace et al. [9] developed an approximate analytical model to predict power consumption for the mixing of shearthinning fluids with helical ribbon and helical screw ribbon impellers in the laminar flow regime. Masiuk and Rakoczy [10] showed that the theory of information can be used to describe the random process of mixing of granular materials in a multi-ribbon blender. A new form of the entropy criterion estimating the current state of a mixture is proposed, a mathematical model to describe the variations of the informational entropy during the process is developed, and the experimental validation of the model is done for the blending process duration. Anne-Archard et al. [11] investigated the hydrodynamics and power consumption in laminar stirred vessel flow using numerical computation. The Metzner-Otto correlation was established for mixing in power-law fluids. Distributions of shear rates and their link to power consumption for helical and anchor agitators are discussed. Depending on the fluid model, the concept is valid or constitutes a satisfactory approximation for fully sheared flows. Zhang et al. [12] have simulated the three-dimensional non-Newtonian flow field generated by a double helical ribbon (DHR) impeller. They developed three computational fluid dynamic (CFD) methods to compute the Metzner constant . Maingonnat et al. [13] have studied the power consumption of a double ribbon impeller (Ekato-Paravisc) as a function of the operating conditions and the rheological behavior of the experimental fluids. Estelle and Lanos [14] studied rheological behavior of fluids in mixing systems using a simplified approach in shear rate calculation. The efficiency of this approach is investigated from Newtonian and non-Newtonian fluids, exploring also the geometry of mixing systems. Results are favourably compared with those obtained from previous published works. With helical ribbon, they have considered the virtual radius of the probe obtained by Roos et al. [15] . The use of the real radius leads to an error in calculated shear stress. This means that the fluid is mainly sheared at the inner periphery of the helical ribbon as the virtual radius is closed to the inner radius of this geometry. Seyssiecq et al. [16] devoted to the triphasic in situ rheological characterization of an activated sludge, with total suspended solid and operated in a bioreactor under different stirring and aeration rates. The bioreactor is a Plexiglas vessel of diameter 0.15 m. It is equipped with a double helical ribbon impeller rotating rather close to the wall. In this work, the flow properties are directly measured inside the bioreactor. Muzzio et al. [17] investigated the effects of processing and equipment parameters of a ribbon blender on magnesium separate homogeneity. A core sampling technique is used to obtain at least one hundred samples per sampling event, which are extracted throughout the blender and yield a thorough characterization of the entire bed. Riveraa et al. [18] studied the macromixing mechanisms of the Super blend coaxial mixer consisting of a Maxblend impeller and a double helical ribbon agitator mounted on two independent coaxial shafts rotating at different speeds. To model the rotation of agitators a hybrid approach based on a novel finite element sliding mesh and fictitious domain method is used. The power consumption, the flow patterns, the shear rate distribution, the pumping capacity and the mixing time of the Super blend mixer are calculated from the simulated hydrodynamics. In this work, the Super blend coaxial mixer is found as a good alternative for tough mixing applications. Barbot et al. [19] studied the effect of NaN3 addition on both volumetric oxygen mass transfer coefficient and rheology of activated sludge suspensions in a bioreactor equipped with a double helical ribbons impeller. Yu et al. [20] studied mixing performance in high solid anaerobic digester with A-310 impeller and helical ribbon. A mathematical model was constructed to assess flow fields. A systematic comparison for the interrelationship of power number, flow number and Reynolds number was simulated in a digester with less than 5% and 10% total solids. The simulation results suggested a great potential for using the helical ribbon mixer in the mixing of high solids digester. Driss et al. [21] studied CFD simulation the laminar flow in stirred tanks generated by double helical ribbons and double helical screw ribbons impellers. They interested for a Newtonian fluid. The literature review proves that the double helical ribbons impellers are always used for the mixing operation and particularly for the highly viscous liquid. As a consequence, it appears important to study these impellers and to make a comparison through a CFD simulation. Although these impellers have been widely used in the industry, information regarding their mixing performance is scarce, especially for non-Newtonian fluids. In this new work, we are interested to compare the flow results of the double helical ribbons impeller with the simple ribbon in a stirred vessel. The study is performed for shear thinning fluids, operating in the laminar and transitional regimes, which are typical conditions of polymerization reactions. The effect of impeller rotational speed, fluid rheology, impeller size, impeller clearance from the tank bottom on the flow fields and power consumption have been investigated. The geometric arrangement and the parameters investigated in the present paper are not numerically analyzed elsewhere.
Mixer configurations
The mixing configuration consists of a cylindrical unbaffled tank with a flat bottom (Figure 1 
Flow equations
We assume that the flow is fully periodic, making it possible to use a Lagrangian viewpoint to simulate a steady threedimensional flow in the mixer. In this rotating frame of reference, the impeller remains fixed and the vessel rotates in the opposite direction (the observer is moving with the impeller). The corresponding flow equations are:
In Equation (1)
] is the rate of strain tonsor, ω(ωR) the centrifugal acceleration, 2ωV the Coriolis acceleration, R the radial coordinate and ω the angular velocity. The boundary conditions are:
• at the vessel wall and bottom V = ωR;
• on the impeller V = 0.
A series of shear thinning fluids obeying the power-law model are considered: the consistency index is 8 P , and the power law indices (n) range from 0.4 to 1. In all the computations, the fluid density (ρ) is 1394 / 3 . The above equations are solved using the finite volume method. 
Numerical issues
To perform calculations, the commercially available CFX 12.0 computer code developed by AEA Technology, UK, was used. A pre-processor (ICEM CFD 12.0) was used to discretize the flow domain with a tetrahedral mesh (Figure 2) . In general, the density of cells in a computational grid needs to be fine enough to capture the flow details, but not so fine, since problems described by large numbers of cells require more time to solve. In order to capture the boundary layer flow detail, an increased mesh density was used near the tank wall and the rotating impeller. In order to have a very refined mesh in the vicinity of the blades, the sufficient amount of nodes that properly define the curvature of the blades was created on the impeller edges and a size function was used to control the mesh growth. This feature allows the mesh elements to grow slowly as a function of the distance from the impeller blades. The number of cells used for discretization was determined by conducting a grid independence study. Mesh tests were performed ( Table 1 ) by verifying that additional cells did not change the velocity magnitude in the regions of high velocity gradients around the impeller blades by more than 0.025. To verify the grid independency, the number of cells was increased by a factor of about 2 used by other researchers in CFD modeling of the mixing processes [22, 23] The transition regime begins for Reynolds number between 20 and 30 for this kind of fluids ( Figure 14 ) [24] . Even if the flow is not fully into the turbulent regime, we should simulate the flow as being turbulent. Fortunately, the turbulent properties vanish when in the laminar flow, so the correct way of simulating in the transitional regime is using a turbulence model. In our study, we have used the SST model. This model has the option of specifying how we model the transition turbulence: it is the fully turbulent, specified intermittency (requiring acquired knowledge), the gamma model or the gamma theta model.
Results and discussion
With CFD calculations, a very detailed hydrodynamic study is performed and knowledge of fluid flow in the entire volume of the tank is given. The determination of local parameters allowed us to clarify some general characteristics such as the stirring power, which is of particular interest.
We present then the most interesting elements. First, we have seen necessary to validate some results. To this end, we realized a geometrical configuration similar to that undertaken by Anne-Archard et al. [11] , it's about a flat-bottomed unbaffled cylindrical vessel equipped with a double ribbon agitator. For an angular position corresponding to θ = 90 0 , two velocity components were identified: the axial and tangential ones. As illustrated on Figures 3  and 4 , the comparison shows a satisfactory agreement. We referred also to the work of Wang et al. [25] to confirm the validity of our CFD code and numerical method. With the same geometry and same fluid as those undertaken by Wang et al. [25] we calculated the power number for the structural index n = 0.4 ( Figure 5 ). As shown in this figure, our predicted results agree well with the experimental data given by Wang et al.
Effect of fluid rheology
The flow structure depends on the nature of the fluid considered, on the impeller rotational speed and geometric and 90 0 respectively, the evolution of the tangential velocity is followed for different structural indices. The first important conclusion of this work is that the intensity of the flow is marked at the tips of the blade, where there are strong shear stresses ( Figure 6 ). This intensity will be loosed when approaching to the side walls of the tank, until it becomes negligible at the immediate contact with the wall. Note that the decay is faster for the lowest behavior index (n), and this is due to the viscous forces. In moving to the stirrer mediator (θ = 90 0 ), the curves tend towards parabolic profiles, with a more pronounced intensity when increasing n (Figure 7) . Within the area swept by the blades of the stirrer, the velocity gradients are stronger when compared to the rest of the vessel volume; this phenomenon is illustrated in Figure 8 . It is also noticed that the evolving rheology of the fluid plays an important role on the variation of this gradient, the movement of fluid particles become more intense with increasing structural index. For a radius located at θ = 90 0 , the axial velocity profiles are shown in Figure 9 . At the immediate contact with the side wall and at the stirrer axis, the velocity is negligible whatever the value chosen for n, on the other hand, the maximum absolute value is reached for n = 1. The minus sign indicates the existence of an opposite flow caused by the streamlined shape of the blade, which is expanding if the structural index continues to increase. Consequently, the well stirred region will be larger (Figure 10 ).
Effect of impeller rotational speed
The second factor that may affect the structure of flows in such agitation system is discussed in this section. Various tests were performed in a range of Reynolds number from 0.1 to 200. Figures 11 and 12 illustrate the various flow structures obtained at various stirring velocities. Generally, we observe a zone of flow repression; the liquid is pumped from the impeller to the vessel walls. For a small Reynolds number, the flow is limited in the neighborhood of the stirrer, and the velocity vectors measured close to the walls are almost negligible. For more significant Reynolds number, the outgoing flow from the blades becomes larger and a better recirculation throughout the vessel is obtained. Figure 13 is presented to highlight the size of vortices generated when changing the Reynolds number. The power consumption is a macroscopic result obtained by integration on the impeller surface of the local power transmitted by the impeller to the fluid. It is quite equiva- lent to say that the power consumption P is entirely given by the impeller to the fluid. In these conditions:
The element dv is written as:
The power number is calculated according to this equation:
In Figure 14 is presented the variation of power number in a logarithmic scale. If the impeller rotational speed increases, the viscous dissipation is more pronounced, which generated lower power consumption. On the other hand, the increasing of flow behavior index requires higher power consumption due to the viscous forces.
Effect of the impeller size
Agitation of shear thinning fluids results in the formation of a zone of intense motion around the impeller (the so called cavern) with essentially stagnant and/or slow moving fluids elsewhere. When the stagnant zones exist in a stirred vessel, heat and mass transfer are weak with high temperature gradients, and if aerated, the possibility of oxygen starvation during fermentation will occur, thus it is necessary to eliminate the undesirable poor mixing regions in the tank [26] . The effect of impeller size on the flow patterns and power consumption has also been studied. To perform this test, four geometrical configurations have been realized, which are: h/D = 0.5, 0.62, 0.56 and 0.9, respectively. The flow fields generated for different impeller sizes are plotted on Figure 15 . We can remark that the area swept by the impeller becomes greater with the increase in blade size, the cavern size is then larger (Fig. 15 ), but the required power consumption becomes more significant when the Reynolds number and the structural index remain the same (Figure 16 ).
Effect of impeller clearance c/D
The impeller location plays also an important role in the mixing system. leads to a high power consumption (Table 2) . Thus, the middle of the tank is the most appropriate position for this type of mixer and for this range of Reynolds.
Comparison between the simple and double helical ribbons impeller
To determine the influence of impeller design on hydrodynamics induced, two geometrical models have been made. At a vertical position corresponding to Z * = 0.43, the axial component of velocity is followed for both configurations (Figure 18 ). The spiral shape of the double ribbon agitator yields an intensive fluid flow and enlarges the cavern size ( Figure 19 ). The biggest concerns of researchers are to design an impeller which requires a minimum of power consumption in a short time. We study the power required for the operation of agitation in the two cases considered, for different values of structural index and Reynolds number. See Figure 20 and Figure 21 , the power consumption is important for the double band regardless of the nature of the fluid or the impeller rotational speed, and this is due to inertial forces.
Conclusion
Using the Computational Fluid Dynamics (CFD) method, three-dimensional simulation of non-Newtonian flow generated by the simple and the double helical ribbons impellers was investigated. Numerical results concerning velocity fields and power number are presented in this paper. Results showed that increasing impeller rotational speed results better axial circulation and diminishes the power consumption, but for R > 20 just a slight decrease in energy consumption is marked. When the stirrer is positioned near the tank bottom, that results a type of breaking flow near the vessel base, on the other hand, the lower part of the tank is not disturbed if the agitator is placed near the free surface of liquid. Thus, the middle of the tank is the most appropriate position for this kind of impeller. The impeller size plays also an important role, to enlarge the cavern size it is necessary to increase the blade size, but that yields higher power consumption. Results showed also that the velocity field is more active with the double helical ribbons impeller. In this case, the effectiveness of the cavern size and the power consumption has been obviously noted. For double helical ribbons impeller, the power consumption has reached the highest values at the same Reynolds number and flow behavior index. From these results, we can say that the best performance is obtained with helical ribbon impellers, placed at the middle of the tank, with moderate blade size and operating at R > 20. 
